Introduction
Thirdly, recent immunocytochemical studies show that the levels of the clock protein There is good evidence that the clocks of nurses are entrained by social time givers 120 (reviewed in Bloch, 2010 ; Eban-Rothschild and Bloch, 2012b; Bloch et al., 2013) . 121 Moreover, Fuchikawa et al., (2016) showed that nest bees as young as two days of and Kryger, 1994) . There is also evidence that hive CO2 -levels vary over the day insects there is evidence consistent with the premise that CO2 can entrain circadian 145 rhythms (Nicolas and Sillans,1989) . 146 To test the hypothesis that substrate-borne vibrations generated by forager activity 147 synchronize circadian rhythms in locomotor activity we analyzed the circadian phase 148 of newly-emerged bees placed on the same or on different substrate as foragers. To 149 test the second hypothesis that volatile cues from a free-foraging colony can mediate 150 social synchronization, we exposed newly-emerged bees to a constant air flow coming 151 out from either a hive housing a free foraging colony or a control empty hive. Our 152 findings show that both vibrations generated by foragers activity and volatile cues from 153 a free-foraging colony can entrain circadian rhythms in locomotor activity in young 154 worker bees. These findings lend credence to the hypothesis that surrogates of forager 155 activity mediate social synchronization in honey bees. from a mixture of subspecies typical to Israel. To obtain newly-emerged bees, we 166 removed honeycomb frames with emerging worker pupae, brushed-off all adult bees, 167 and immediately transferred each frame into a separate lightproof container. We 168 placed the frames in an incubator (33 o C ±1 o C, 60%RH ±5%) for the bees to emerge.
169
The emerging bees were collected from the comb within two hours post emergence 4.5cm) with glass covers in which they were exposed to the tested environmental cues.
180
On Day-6, we collected samples of bees experiencing the various treatments, as well 181 as foragers that served as a control group. We isolated each focal bee in a monitoring 182 cage and monitored locomotor activity for at least seven successive days under dim 183 red light and constant lab conditions ( Fig. 1A) . We used the locomotor activity data to 184 determine the circadian phase of each bee and assess social synchronization among 185 bees subjected to the same treatment (e.g., colony odors or vibrations). Day-1 (1), we collected the bees and transferred them to cages in the lab, in which 191 they were exposed to the tested signals. On Day-6, each focal bee was collected and 
222
For the analyses of circadian rhythms, we used the ClockLab circadian analyses 223 software package (Actimetrics, USA). We used the  2 periodogram analysis with 10-224 minute bins to generate actograms for the analyses of circadian rhythms. As a proxy 225 for the strength of circadian rhythms we used the Power which was calculated as the 226 height of the periodogram peak above the P = 0.01 significance threshold line (for more 227 details see Yerushalmi et al., 2006) . For each day we calculated the onset and offset 228 of the daily bout of activity. The precise timing of the onset or offset were defined as at 229 least three consecutive 10-min bins each with activity reaching at least 10% of the 230 maximal activity per bin during this day. In addition, there was a period of at least 5 hrs 231 of reduced activity between the offset and the following onset (as described in 232 Fuchikawa et al., 2016). We used the ClockLab software to fit linear regression models 233 passing through the onset or the offset points of at least four consecutive days. The 234 extrapolations of these regression lines on the first day in which the bees were 235 transferred to the monitoring system were used for estimating the timing of onset and 236 offset of activity ( Fig. 1B) . We included in our analyses only bees with statistically 237 significant circadian rhythms ( 2 periodogram analysis; P < 0.01, period between 20-238 28 hrs.) for which we could unambiguously determine the onset/offset of activity. 239 We used the Oriana circular statistics software package (KCS, USA) to determine 240 the degree of synchronization and the phase coherence among bees within each 241 treatment group. We used the time of onset, offset, and median (which was defined as 242 the midpoint between the times of onset and offset) as indices for the phase. The identical ( Figure 2 ). We sucked out volatiles (that may mediate social entrainment) 269 using an exhaust air unit with its opeining (diameter 10cm) placed above the foragers 270 cages. We repeated this experiment five times between May to August 2017, each trail 271 with bees from a different source colony. The survival rate was 45% (range 30% -70%) 272 for foragers and 87% (range 61% -100%) for young bees. Such differences in survival The influence of colony volatiles on social synchronization of circadian 285 rhythms in locomotor activity 286 To test the hypothesis that volatile chemicals mediate social synchronization of 287 honey bee workers, we exposed callow bees to volatiles pulled out from a regular hive 288 housing a free-foraging colony ("Colony"), or from a control empty hive ("Empty Hive"). 289 The empty hive was of a similar size and contained the same number of empty combs.
290
To keep the temperature in the Empty Hive constant at a similar level as in the Colony, 291 we heated it with a "Reptile-heating mat" (20W-16.5x11 in). Both hives were prepared 292 with a similar hole in the back board where an exhauster tube (diameter 25mm) was 293 installed (Figure 3) . 294 We pumped the air out of the hive boxes using two aquarium pumps (Atman, 295 Aquarium Air Pump AS-1063). The air from each hive was flowed into two Libfield 296 cages, each containing 30 callow bees (Fig. 3) . The callow bees in these cages were 297 provisioned with ad libitum sugar-syrup (50% w/w) and pollen. We placed the cages 298 on vibration-absorbing bases to minimize possible transfer of vibrations. We placed a 299 tube (diameter 10cm) from the exhaust-air unit above the cages of the Colony-group 300 in order to prevent unintended transfer of volatiles to the Control cages. The pump 301 and the cages were housed inside a tightly regulated environmental chamber (30 ±1 o C, 302 55 ±5% RH) constantly illuminated with dim red light (as in the first experiment above).
303
The populated and empty hives were placed outside the building. The colony in the 304 populated hive was self-sustained ( Fig. 3) . We repeated this experiment five times 305 between September to November 2017, each trail with bees from a different source and 68% (range 50-70%) for the Different Substrate-group (data not shown).
332
The phase of Same Substrate bees was overall more similar to that of the foragers 333 compared to that of the Different Substrate treatment. In 4 out of 5 trails, the phase of 334 the Different Substrate-group was significantly different from that of the foragers 335 (Watson Williams F test < 0.05; Fig. 4A ). The young bees on the same substrate also 336 showed stronger phase coherence (longer Rayleigh vectors) compared to those 337 placed on a substrate different from that of the foragers (Fig. 4B ; Kruskal-Wallis test p 338 = 0.007; Steel-Dwass-Critchlow-Fligner post hoc test: Forager -Same Substrate p = 339 0.417; Forager -Different Substrate, p = 0.024; Same Substrate -Different Substrate 340 = 0.116). We further compared the phase-difference (differences in minutes between 341 the mean vectors) relative to the foragers. In all five trials, the phase difference 342 between the Foragers-and the Different Substrate-group was larger than compared to 343 the Same Substrate-group (Binomial test, n = 5, p = 0.031) (Fig. 4C) . The influence of hive volatiles on social synchronization of circadian rhythms 366 in locomotor activity 367 We performed five repetitions of this experiment, each with bees from a different 368 source colony. In total, we monitored the locomotor activity of 580 bees. As in the first 369 experiment, the foragers had stronger circadian rhythms (mean Power = 234.43 370 ±119.48 SD) than the two groups of young bees which were overall similar (Colony-371 166.93 ±115.44; Empty hive-group-158.94 ±127.31). Almost all the foragers (98%; 372 range 95-100%) showed statistically significant circadian rhythms, whereas only 75% 373 (range 62-89%) in the Colony-and 70% (range 58-84%) in the Empty hive-group 374 showed significant circadian rhythms (Data not shown).
375
The phase of the young bees that were exposed to air from a hive housing a colony 376 ("Colony") was more similar to that of the foragers (collected from the same colony 377 from which we sucked the air) compared to that of the callow bees exposed to air 378 sucked from a similar hive with no bees. In 3 out of 5 trails, the phase of the Empty 379 hive bees was significantly different from that of the foragers (Watson Williams F-Test, Forager-Empty hive, p = 0.024; Colony-Empty hive p = 0.043) (Fig. 5B) . In a pooled 384 analysis across all five trials, the phase-difference relative to the Foragers, was similar 385 for the two groups of young bees (Binomial test p = 0.31; Figure 5C ). It is notable 386 however, that in the first two trials the phase difference was much larger for the bees 387 exposed to the empty hive. with a clear onset) F= foragers; C = callows exposed to air from a colony; EH = callows 394 21 exposed to air from an empty hive). The time of day is depicted on the circular plot Our experiments show that both substrate-borne vibrations generated by forager 412 activity, and volatile cues emitted by a free-foraging colony can entrain circadian 413 rhythms in locomotor activity of young honey bees. These results were obtained using 414 a robust dataset composed of more than 1000 bees that were each monitored 415 individually. We repeated each experiment five times, each trial with bees from a 416 different source colony. Given that bees in each colony are the offspring of a different 417 queen and drones, our findings are therefore not limited to certain genotypes or 418 laboratory lines. It is also important to note that given that we determined the circadian 419 parameters for bees after removing them from the environment in which they were 420 entrained, our measurements reflect properties of the internal clock rather than . We show that young bees exposed to volatiles 435 from a hive housing a free-foraging colony are better synchronized with each other and 436 overall have a phase more similar to that of the free-foraging colony, compared with 437 similar bees that were exposed to air coming from a similar hive with no bees (Fig. 5 ).
438
These findings are consistent with earlier studies showing that young bees that were 439 caged inside double mesh enclosures were similarly synchronized with the ambient 440 23 day-night cycles as bees freely moving in the hive, indicating that direct contact is not 441 necessary for social synchronization in honey bees (Fuchikawa et al., 2016) . Similarly,
